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INTRODUCTION
the chemical changes occurring in the condensed-phase when skin oil was exposed to ozone, yielding 48 evidence for the formation of highly oxygenated products, largely composed of carboxylic acids. 24 49 Interestingly, two major products, succinic acid and levulinic acid, were observed as major projects from 50 both skin oil oxidation and preliminary studies of pure squalene oxidation. This is in accord with earlier 51 work showing that the condensed-phase products from ozonolysis of squalene were more hydrophilic than 52 the precursor. 25 A recent study reported the formation of high molecular weight products up to 1450 Da 53 when squalene was exposed to extremely high mixing ratios of ozone (MRO3=50 ppm). 26 
54
There have been three prior studies of the heterogeneous kinetics of ozone reaction with squalene but the 55 reported reactive uptake coefficients (γ) disagree. Wells et al. first measured γ of (4.5±1.4)×10 -4 for 50 56 ppb ozone on squalene film on glass. 20 This value is in reasonably good agreement with the kinetics 57 measured by Fu et al., 25 who used attenuated total reflection infrared spectroscopy (ATR-IR) and reported 58 γ of (5.1±0.7)×10 -4 from the increase in C=O band absorption in the oxidation products, which are higher 59 than γ of (1.7±0.2)×10 -4 from the decrease of C=C band absorption in squalene. Using the same techniques, pump was used to adjust a total flow of ~3.8 slm through the ceramic tube. The DART-MS was operated Product Quantification. In order to determine the product yields from squalene/O3 reaction, squalene 120 and two oxidation products, levulinic acid (LLA) and succinic acid (SCA), were calibrated with positive 121 and negative ion DART-MS, respectively. The calibrations were made by depositing 1 L squalene in 122 DCM/ACN or the acids in methanol resulting in 0-100 ng analyte on the capillaries and then analyzed 123 with DART-MS. As mentioned in our previous work and as shown in Figure S3 , squalene showed two 
130

RESULTS AND DISCUSSION
131
Kinetics for the Heterogeneous Oxidation of Squalene with Ozone. Kinetic plots for the heterogeneous 132 oxidation of squalene with ozone are given in Figure 2 . The data for the control experiment (MRO3=0 ppb) 133 demonstrate that the evaporative loss of squalene in the flow tube is negligible. The linear first-order decay 134 curves in Figure 2 lead to the pseudo first-order rate coefficients (k1 in s -1 ) of (6.0±0.4)×10 -4 and 135 (1.3±0.1)×10 -3 for squalene oxidation with 25 and 50 ppb O3, respectively, where the uncertainties are (1-136 σ) precisions. Using the following equation (Eq. 1) the ozone uptake coefficient (γ) on squalene film could 137 be estimated: 25
where k1 is the pseudo first-order rate coefficient; Po3 is ozone pressure and ν is the thermal speed of ozone 141 in the gas-phase; R and T are the universal gas constant and temperature in the flow tube, respectively; 142 S/V is the surface area-to-volume ratio of the squalene film and [squalene]0 is the initial squalene 143 concentration on the capillary. An assumption of this kinetic analysis is that reactivity occurs within the 144 5 squalene liquid film.
145
The thermal speed of gas-phase ozone is calculated by Eq. 2:
where M is the molar mass of ozone. . 25 Even though it was claimed in the latter study that the lower γ obtained from the C=C 155 band absorption ((1.7±0.2)×10 -4 ) is more accurate, as will be discussed later, our product study shows 156 evidence for the formation of reactive intermediates that contain both C=C and C=O bonds, which may 157 interfere with the ATR-IR measurements of squalene and its oxidation products, and possibly lead to a 158 lower limit for the uptake coefficient measured from C=C bond decay and an upper limit for that from 159 C=O bond formation in Fu et al.'s measurement.
160
As discussed in the Introduction, the γ reported by Petrick and Dubowski 27 is lower than other values by 161 more than a factor of 10. One of the reasons given by these authors is the multilayer deposition of squalene 162 on the surface that could result in large amounts of squalene inaccessible to react with ozone, and hence 163 lead to underestimation of the reaction kinetics. Given the linearity of the kinetic plots in Figure 2 and the 164 high uptake coefficient obtained in this work, coupled with the thin nature of our films, this effect may 165 not prevail in this study. With a thicker and more complex matrix however, the morphology and phases of 166 the films and/or products may affect the kinetics significantly, as in our previous work where we observed 167 that pure squalene reacts more rapidly than when present in skin oil. 24
168
The γ values for ozone uptake by unsaturated fatty acids, e.g. oleic acid and linoleic acid that contain 1 169 and 2 C=C respectively, are reported to be around 10 -3 . 31 Both our studies and those in the literature 20, 25, 27 170 suggest that the reaction of squalene with ozone is somewhat slower. It can be noted that studies on • OH 171 radical uptake by squalene aerosol particles were also found to be slower than with the unsaturated fatty 172 acids. 32,33 One of the possible reasons for this different • OH uptake was attributed to the different molecular 173 orientation of squalene and fatty acids on surfaces. It is well accepted that the fatty acids form dimers 174 through hydrogen bonding between the acidic hydrogen and carbonyl oxygen, leading to a semi-175 crystalline order in the liquid fatty acids. [34] [35] [36] This molecular ordering is proposed to increase the density 176 of C=C bond at the surface, thereby increasing the reaction rate of fatty acids with gas-phase oxidants. 37
177
In contrast, due to the lack of hydrogen bonding, the isotropic orientation of the squalene molecules on 178 the surface does not increase the C=C bond density resulting in a lower • OH uptake. 33 179 6 Figure 3a shows the kinetics for the reaction of squalene with 50 ppb ozone which lead to k1=(1.3±0.1)× 180 10 -3 s -1 and (1.2±0.1)×10 -3 s -1 for dry (RH<5%) and humid (RH=50%) conditions, respectively, indicating 181 that the RH does not affect the O3 kinetics. This is in accord with other studies that found the kinetics 182 between ozone and squalene are insensitive to RH. 25, 27 The independence of squalene/O3 kinetics on RH 183 is consistent with a weak interaction of water for the reactive portions of the squalene surfaces. The 191 which is very similar to that for 25 ppb O3 oxidation in the flow tube ((6.0±0.4)×10 -4 s -1 ). As can be seen 192 in Figure 3b the data for indoor air oxidation of squalene is somewhat more scattered compared to ozone 193 oxidation in the flow tube. This could be due to the variation of the ozone mixing ratios in indoor air.
194
Previous studies have reported that the • OH radical concentrations in indoor air are as high as ~10 6 195 molecules/cm 3 , 42-46 suggesting that the • OH radical could be an important oxidant in indoor environment.
196
However, the similar kinetics for squalene oxidation with ozone in controlled lab conditons and with 197 indoor air that contains a similar level of ozone ( Figure 3b ) suggests that ozone is the dominant oxidant 198 in indoor air, at least in these settings.
199
Condensed-phase Products from Squalene/O 3 Reaction. Figure 4 presents the mass spectra of the identified and will be discussed later.
219
Intermediate products under dry conditions are also observed with negative mode DART-MS (Figure 5a ).
220
As suggested in Table S2 , these products are attributed to carboxylic acids. This is because test 221 experiments show that with negative DART-MS analysis of a C10 aldehyde, citral (C10H16O), and a C10 222 acid, geranic acid (C10H16O2), the C10 acid is more sensitive than the C10 aldehyde by more than a factor 223 of ~100 (data not shown). and C27 acid (m/z 399.3) ( Figure S5b ) peak at early oxidation stages and then decay with further oxidation.
226
The two final products with m/z 115.0 and 117.0, tentatively indentified as LLA and succinic acid (C4H5O4 -, 227 SCA), whose reference mass spectra are given in Figure S6 , respectively in our previous work, 24 exhibit 228 increase in the beginning and then leveling off at the end of the oxidation. The chemical identities of the 229 possible condensed-phase products are given in Tables S1 and S2 but structural isomers are also possible. 
237
The reaction between a C=C bond and ozone is usually explained by a Criegee-forming mechanism. 47 The 238 addition of ozone to the C=C bond produces primary ozonides that decompose to carbonyls (aldehydes 239 and/or ketones) and Criegee intermediates (CI) (R1 of Scheme 1). The formation of the acids in this work 240 is believed to be the result of the isomerization of CIs (R2 of Scheme 1).
241
Product Quantification. The final products from the squalene/O3 reaction were quantified after 40 ng 242 squalene were oxidized with 50 ppb O3 for 60 minutes. The molar yields of LLA and SCA were measured 243 to be (230±43)% and (110±31)%, respectively under dry condition. As can be seen from Figure 1 the 244 maximum yields of LLA (C-3, -7, -18 and -22 forming acids while C-6, -10, -15 and -19 forming ketones) 245 and SCA (C-11 and -14 forming acids) from squalene oxidation can be 400% and 100%, respectively. The 246 measured SCA yield of ~100% suggests that the ozone addition to C-10 and -11 and C-14 and -15 247 exclusively leads to acid functional groups on C-11 and C-14 ( Figure 1 ). Whether or not ozone addition 248 to other C=C bonds in squalene all give rise to acids on C-3, C-7, C-18 and C-22 is not known. However, 249 we note that the measured LLA yield is almost half of its maximum yield from squalene oxidation. LLA 250 is a semi-volatile product and has been observed in the gas-phase from ozonolysis of squalene. 15 In 251 addition, as will be discussed in the next section, LLA is proposed to be involved in high molecular weight 252 8 product formation. Thus, its yield reported in this work could be a lower limit to the overall yield.
253
Moreover, as mentioned above, the contribution of its isomers, e.g. 5-HOP, to the LLA signal cannot be 254 ruled out. proposed to be the result of reaction of CIs with other products. 26 As illustrated in Scheme 1, reaction with 265 carbonyls leads to secondary ozonides (R4 of Scheme 1); 49-51 with protic organics such as carboxylic acids 266 producing hydroperoxides (R5 of Scheme 1) 37, 49, 52, 53 or with other CIs to generate oligomers or polymers 267 (not shown). 40, 52 We believe that more HMW products are observed with higher helium temperature in 268 Figure 6a because of more thermal desorption from the capillary. The production of more HMW products 269 with higher masses of squalene on the capillaries (see Figure 6b ) could be due to more cross reactions of 270 CIs that generate oligomers or polymers.
271
A mass difference of 116.0 is observed between many HMW products in Figure 6b (see also Table S3 ), as it is possible that CIs are reacting with acids, leading to larger molecules. It has to be noted that the HMW 276 products are only observed under dry conditions in this work, suggesting that the reaction of CIs with 277 water dominates when RH is high. This would give rise to higher volatility aldehydes and H2O2, as 278 discussed above.
279
Environmental Implications. Motivated by the fact that squalene is continually produced from skin and 280 has been detected in indoor dust, 54 it is important to better understand the nature of its multiphase oxidation 281 processes both kinetically and mechanistically. In particular, ozone is known to be lost more rapidly in 282 rooms with human occupancy than in rooms without. 15 Within skin oil, squalene represents the largest 283 source of double bonds and so the implication is that the enhanced loss of ozone in such spaces is largely 284 driven by reaction with squalene. This work provides quantitative evidence of the rapid oxidation of 285 squalene under conditions similar to those indoors, in accord with previous studies. 20, 25, 27 286
With the information gained in this work it is now possible to estimate the oxidation kinetics that squalene 287 will exhibit when deposited onto surfaces in an indoor environment as part of skin oil. In particular, in our 288 9 past studies of skin oil oxidation we demonstrated that the squalene within skin oil is oxidized roughly 289 one half to one third more slowly than when the squalene is present as a pure substance, for the same 290 ozone exposure. 24 Although these loss rates will be dependent on the thickness of the skin oil and squalene 291 films (see Equation 1), we believe the thicknesses of these films were similar in that work because the 292 squalene DART-MS signals were roughly 15% as large in the skin oil as in the pure squalene films in the 293 kinetic studies, and squalene is predicted to represent about 10% of the skin oil composition. 2 This slightly 294 lower reactivity of ozone within the film could be due to reaction with other reactive molecules. Knowing 295 this, we can estimate a reactive uptake coefficient for ozone via reaction with squalene in skin oil. This 296 value will be proportionally lower than the value for pure squalene due to not only the factor of two to 297 three lower reactivity observed, but also because squalene represents only 10% of the lipid material in 298 skin oil. Thus, we propose that an effective room temperature uptake coefficient for ozone reaction with 299 squalene in skin oil is on the order of 1 to 2×10 -5 , i.e. 20 to 30 times lower than our value measured on 300 pure squalene. Note that this quantity is not the same as the total reactive uptake coefficient for ozone on 301 skin oil, which will have a larger value due to reactions with other unsaturated compounds in the oil.
302
An additional aspect of this research is that we have shown that ozone represents the most likely oxidant 303 for squalene within indoor environments. In particular, for the first time we have measured the decay rate 304 of squalene under genuine indoor conditions, confirming that it is similar within experimental 305 uncertainties as that measured in a lab experiment conducted with similar ozone mixing ratios, indicating 306 that O3 is the primary oxidant in this indoor environment. Other oxidants that have the potential to oxidize 307 squalene are the hydroxyl radical and the nitrate radical, but their mixing ratios are many orders of 308 magnitude lower than typical values of indoor ozone, 1, [43] [44] [45] 55 making it unlikely that they can compete 309 with ozone-driven oxidation unless a very large degree of radical recycling occurs within the skin oil 310 material.
311
Given that ozone can oxidatively process the squalene that exists within skin oil, it is of importance to 312 know the products from this reaction. Volatile products have already been studied, 15 however this study is 313 one of the first to investigate condensed-phase products in detail, 26 including their progression through 314 different stages of oxidation. The DART-MS technique shows that both highly oxygenated products 315 composed of carbonyls, carboxylic acids as well as high molecular weight products are expected to form 316 in dry indoor environments. Indeed, although the nature of the higher molecular weight products has not 317 been established in detail, 26 it is apparent that some of the lower molecular weight products are 318 incorporated into the structures of the higher molecular weight species. It needs to now be confirmed that 319 such species are observed on genuine indoor surfaces that have experienced human occupancy. As well, 320
given that some of the same late-stage oxidation products, such as the small acids, could be formed in the 321 gas phase via ozone reacting with early-stage volatile oxidation products, there is the potential that they 322 could also be incorporated into secondary organic aerosol material arising from squalene oxidation. 23
324
The effects that these products have upon loss of indoor gas-phase oxidants, via heterogeneous reactions, 325 need to be evaluated. As well, they should be tested for their potential toxicity, given that oxidation 326 increases the redox cycling abilities of the surfaces. 25 Particularly important are the highly oxygenated 327 10 products including the hydroperoxides that could form via R3 and/or R5 of Scheme 1, as well as the high 328 molecular weight products. Importantly, these results demonstrate that the product distribution will change 329 as the relative humidity in indoor environments is changed, arising through different pathways from the 330 Criegee intermediate.
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